INTRODUCTION
Glaucoma is a multifactorial optic neuropathy characterized by structural damages of the optic nerve head and functional visual defi cit. As glaucoma progresses the structural and functional changes increase. They are associated with loss of retinal ganglion cells (RGCs) and their axons (retinal nerve fi ber layer, RNFL). [1] [2] [3] [4] [5] Currently, functional measurements are done using standard automated perimetry (SAP) which remains the gold standard for diagnosis and monitoring of glaucomatous neuropathy. The recently developed high-tech imaging methods such as optical coherence tomography (OCT) have gained a very high diagnostic value in assessing structural changes occurring in glaucoma. OCT is characterised with high accuracy in assessing the glaucomatous defects manifested as peripapillary RNFL thinning and macular inner retina thinning. [6] [7] [8] [9] There is a close relationship between structural and functional damage in glaucoma -it can be assumed that they are strongly correlated. 4, 10, 11 However, many factors affect the relationship and limit direct comparison of the sensitivity of SAP (refl ecting the functional losses) and OCT measurements (RNFL thickness and the inner macula thickness) (refl ecting structural changes). Firstly, the computed perimeter and optical coherence tomography have different scales of measurement: SAP measures visual sensitivity in log units (range 4 log units) 12 , while OCT measures the thickness of RNFL and macula inner layers in microns (in the linear range from 25 to 200 microns in normal subjects [13] [14] [15] ). Secondly, when SAP macular threshold is compared with local defects in RNFL / inner retina an adaptation is required to the so-called topographic map. The peripapillary and macular areas corresponds to very specifi c areas of the perimetric test. [12] [13] [14] [15] [16] [17] [18] [19] A discrepancy has been found by some researchers between perimetric losses and OCT changes as glaucoma progresses. The two approaches to assess the glaucoma process do not run parallel. 16, 20, 21 There are few studies that can confi rm the exact nature of the structural / functional relationship in glaucoma using regression models.
AIM
To assess the relationship of functional visual fi eld changes and structural changes in advanced (moderate / severe) open-angle glaucoma (OAG) using spectral-domain optical coherence tomography (SD-OCT)
METHODS
The study included 31 eyes with advanced OAG of 25 patients with mean age 63.1 ± 10.9 years. Visual fi eld (VF) testing was performed using Humphrey Field analyzer (Carl Zeiss Meditec, Dublin, CA), programme 30-2. The test was considered reliable when fi xation losses were less than 20% and false positive and false negative errors were less than 15%. The mean value of the visual fi eld sensitivity is calculated by the software of the machine and presented as mean deviation (MD), pattern standard deviation (PSD) and VF index (VFI). Visual fi eld defect is defi ned as 3 or more adjacent points of depression, which can be observed with a probability of P <0.05 in a normal population and at least one of them is with a probability of P <0.01. All depressed points are located on one side of the horizontal meridian in print "pattern deviation plot" and classifi ed outside the normal range (outside normal limits). The defects must be confi rmed in at least two visual fi eld tests. Moderate glaucoma was defi ned as VF loss with an MD between -6 and 12 dB, and severe glaucoma as an MD worse than -12 dB.
In the present study the examined eyes had MD -12.33 ± 6.18 dB (mean ± SD), and PSD 9.17 ± 3.41 dB.
These same eyes were tested by SD-OCT within six months. We used RTVue-100 (v. 4.0.5.39, Optovue). It takes 26000 A-scans per second achieving a 5 μm resolution into tissue. The peripapillary RNFL, GCC and optic disc parameters were measured. RNFL thickness was calculated using two modes: ONH mode and 3.45 mode. In the ONH mode RNFL thickness is recalculated from the "en face" imaging obtained by six circular and 12 linear incoming measurements. In our study we measure and compare the following parameters from this program: the mean thickness of the peripapillary RNFL (RNFL1 Ave), the RNFL thickness of the upper half (RNFL1 Sup) and the RNFL thickness of the lower half (RNFL1 Inf). The RNFL thickness in 3.45 mode (RNFL2) is measured along a 3.45-mm-diameter circle around the optic disc. The following parameters from this programme were selected for the statistical analysis: the mean thickness (RNFL2 Overall), the RNFL thickness of the upper half (RNFL2 Sup), the RNFL thickness of the lower half (RNFL2 Inf) and the RNFL thickness of the four quadrants -temporal, superior, nasal and lower (RNFL2 temporal quadrant, RNFL2 superior quadrant, RNFL2 nasal quadrant, RNFL2 inferior quadrant). The parameters of the optic disc were defi ned in the ONH mode. The major parameters of the optic disc (disc area, cup area, rim area, rim volume, cup disc area ratio, cup disc horizontal ratio, cup disc vertical ratio) were analysed and compared. The GCC scan was centered 1 mm temporal to the fovea and covered a square grid of 7 by 7 mm of the central macula. The GCC thickness was measured from the internal limiting membrane to the outer inner plexiform layer boundary. The average GCC thickness (GCC Ave), the average thickness of the upper GCC (GCC Sup) and the average thickness of the lower GCC (Inf GCC) were calculated. Two other diagnostic GCC parameter -focal loss volume (FLV) and global loss volume (GLV) were compared with the perimeter indices. GLV and FLV are pattern-based parameters that refl ect different aspects of losses in the GCC. They summarize the volume of the losses in the inner macula with different focus levels. 23 FLV represents the integral of the deviation in areas with signifi cant focal losses. GLV is calculated as the sum of negative deviations in the whole area.
We excluded images with a signal strength index (SSI) of less than 35. The measured data were also excluded if they were noncompliant with the algorithm of the detection surface or when there was decentration of the circular area. The relationship between OCT measurements and global indexes MD and PSD was determined using the following statistical analyses: correlation analysis (Pearson's correlation coeffi cient) and regression analysis(linear and nonlinear regression models). Table 1 shows the average GCC, RNFL1 and pRNFL2 in the upper and lower half of the scanned areas.
RESULTS
Our results show that GCC inf <GCC sup, RNFL inf <RNFL sup, RNFL2 inf <RNFL2 sup, but the differences failed to reach signifi cance. The lower halves of the GCC, RNFL1, RNFL2 were thinner than the upper halves. The RNFL thicknesses measured in RNFL 3.45 mode showed lower values than the RNFL thicknesses measured in ONH mode and the difference was signifi cant parameters (Pearson correlation). The correlation coeffi cient R (with P<0.05) is presented in Table 2 .
PSD correlated statistically signifi cantly only with the upper half of RNFL2 (protocol RNFL 3.45).
The statistically signifi cant correlations of MD and some optic disc parameters were also of moderate degree (Table 3) . We observed a significant correlations with medium strength (R<0.6) between MD and OCT In the study we tried to fi nd the regression models that might show, statistically signifi cantly, what the correlation of MD with the structural changes (OCT parameters) is. The association between MD and GCC Ave showed nonlinear regression: cubic (R 2 = 0.417, P = 0.004 ) and quadratic (R 2 = 0.358, P = 0.004) (Fig. 1) .
The nonlinear model (cubic regression) corresponded to the relationship between MD and the hemispheres of the GCC (upper half: R 2 = 0.374; P = 0.05, lower half R 2 = 0.270; P = 0.034) (Fig. 2) .
The best correlation between MD and GLV was nonlinear: (quadratic: R 2 = 0.368, P = 0.003; cubic: R 2 = 0.383, P = 0.008) (Fig. 3) .
The regression models observed between MD and RNFL 2 Sup were linear (R 2 = 0.230, P = 0.06) and quadratic (R 2 = 0.260, P = 0.015) (Fig. 4) .
Nonlinear model (quadratic and cubic regression) corresponded to the relationship between MD and Cup Disc Area Ratio: quadratic (R 2 = 0.301, P = 0.010); cubic (R 2 = 0.318, P = 0.021) (Fig. 5) .
Nonlinear regression was observed in the relationship between MD and Cup disc vertical Ratio (quadratic R 2 = 0.292, P = 0.011) (Fig. 6) .
Nonlinear (quadratic) regression was observed in the association MD / Rim Area (R 2 = 0.228, P = 0.035) (Fig. 7) .
All three regression models covered the correlation between MD and Cup Area (Fig. 8) .
Linear regression was found only in the relationship between MD and RNFL 2 (R 2 = 0.131, P = 0.045) (Fig. 9) . DISCUSSION The results of this study suggest that the structural changes in glaucoma do not occur in parallel with the functional changes of the disease. Comparing the two methods (SAP and OCT) for advanced glaucoma we found a discrepancy between structural damage and functional defi cits as they occur in the course of the disease. Na Rae Kim et al. have shown that the GCC thickness is somewhat a lesser indicator than the peripapillary RNFL thickness in severe glaucoma. 22 This can be accounted for by the fact that only 50% of RGCs are present in the macula verses almost 100% of these in peripapillary RNFL. Although RTVue covers a relatively large macular area (7 by 7 mm), the OCT macula test cannot assess the entire ganglion cells layer. In moderate and severe stages of glaucoma there is already an extensive GCC loss and/or extreme peripheral ganglion cells losses. This can limit the diagnostic value of the GCC in advanced glaucoma. 22 Na Rae Kim et al. have found that the peripapillary RNFL thickness and the GCC thickness have similar structural and functional relationship with the sensitivity of the visual fi eld. The GCC parameters (FLV, GLV, GCC average, GCC thickness of the upper and lower halves) clearly identify glaucoma with the early, moderate and heavy losses in the visual fi eld. 22 Regression analysis is the most common and effective method of investigating the correlation between structure and function in the course of glaucoma process. 24 Some researchers consider the quantitative regression models as the most suitable methods to fi nd correlations of SAP and RNFL measurements by OCT. 16, [25] [26] [27] [28] [29] [30] [31] It is assumed in these methods that some sections of SAP are associated with RNFL measurements linearly, while others show nonlinear association. For example, areas with zero sensitivity correspond to unchanging residual RNFL thickness. [25] [26] [27] Nonlinear models assume that the nonaxonal components of the RNFL thickness increase with age and as glaucoma progresses. This increase in advanced glaucoma affects the overall thickness of RNFL. 32 There are supporters also for the linear models for relationship between SAP and OCT-parameters in glaucoma that may be found in the literature but these base their conclusions on different assumptions. [33] [34] [35] The correlation between the visual fi eld sensitivity (in logarithmic scale) and the structural parameters (in linear scale) is stronger in low level of decibel changes (compared with high level of decibel changes). This is observed at least in part of the curvilinear correlations. 33 Curvilinear regression models (of the second and third order) are the best way to present the relationship between visual fi eld sensitivity and RNFL/GCC thickness as in our study. 22, 36, 37 Although curvilinear models are the best fi t for our data, the structural parameters could not fully explain the variations of functional losses in advanced glaucoma.
CONCLUSION
Our results suggest that the nonlinear regression models are more appropriate to assess the correlation between the functional changes (MD) and structural changes (OCT parameters) in advanced glaucoma. The correlations we found in the study were moderate.
